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Key points

r Postnatal intake of a high saturated fat/high sugar diet, the Western diet (WD), is a risk factor
r
r
r

for liver fibrosis. Recently, adverse in utero conditions resulting in low birth weight (LBW) have
also been associated with postnatal fibrosis development.
We demonstrate that suboptimal in utero conditions resulting in LBW are associated with
changes in hepatic profibrotic genes in conjunction with minimal liver fibrosis in young
non-overweight adult guinea pigs.
Our results also indicate that WD promotes liver steatosis, enhanced expression of hepatic
genes and proteins of the proinflammatory, profibrotic, cell death and collagen deposition
pathways in conjunction with mild hepatic fibrosis.
Our data highlight that pathways responsible for the initiation of a profibrotic state and
ultimately hepatic fibrosis appear different depending upon the insult, an in utero-induced
LBW outcome or a postnatal WD exposure.

Abstract Postnatal intake of an energy dense diet, the Western diet (WD), is a strong risk
factor for liver fibrosis. Recently, adverse in utero conditions resulting in low birth weight (LBW)
have also been associated with postnatal fibrosis development. We assessed the independent
and possible synergistic effects of placental insufficiency-induced LBW and postnatal WD
consumption on liver fibrosis in early adulthood, with a specific focus on changes in inflammation
and apoptosis pathways in association with fibrogenesis. Male LBW (uterine artery ablation)
and normal birth weight (NBW) guinea pig pups were fed either a control diet (CD) or WD
from weaning to 150 days. Significant steatosis, mild lobular inflammation, apoptosis and mild
stage 1 fibrosis (perisinusoidal or portal) were evident in WD-fed offspring (NBW/WD and
LBW/WD). In LBW/CD versus NBW/CD offspring, increased transforming growth factor-beta 1
and matrix metallopeptidase mRNA and sma- and Mad-related protein 4 (SMAD4) were present
in conjunction with minimal stage 1 portal fibrosis. Further, connective tissue growth factor
mRNA was increased and miR-146a expression decreased in LBW offspring, irrespective of diet.
Independent of birth weight, WD-fed offspring exhibited increased expression of fibrotic genes
as well as elevated inflammatory and apoptotic markers. Moreover, the augmented expression
of collagen, type III, alpha 1 and tumor necrosis factor-alpha was associated with increased
recruitment of RNA polymerase II and enhanced histone acetylation (K9) to their respective
promoters. These data support a role for both LBW and postnatal WD as factors contributing to
hepatic fibrosis development in offspring through distinct pathways.
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Introduction
Liver fibrosis and its endstage, cirrhosis, represent the final
common pathway of virtually all chronic liver diseases
and remain major causes of morbidity and mortality
worldwide (Iredale, 2007; Musso et al. 2010), where
liver fibrosis is estimated to contribute to up to 45%
of deaths in the developed world (Mehal et al. 2011).
Liver fibrosis is also an important predictor of adverse
long-term outcomes, including liver failure, diabetes and
portal hypertension and is associated with an increased
risk of liver cancer (Bhaskar, 2004; McCullough, 2004;
Ekstedt et al. 2006).
Liver fibrosis is characterized by an excessive deposition
and reorganization of extracellular matrix (ECM) with
a dramatic increase in non-collagenous and collagenous
ECM proteins, predominantly collagen I and collagen III
(Iredale, 2007; Kwiecinski et al. 2011). Liver fibrosis as a
later life cycle disease has been classically associated with
chronic exposure to an unbalanced energy dense diet, such
as a high/fat and high/sugar diet commonly termed a
Western diet (WD), presenting itself in later age (Kohli
et al. 2010; Ishimoto et al. 2013). In rodents chronically
fed a WD diet enriched in saturated fats and cholesterol
combined with fructose or sucrose in solid food or
drinking water, a perisinusoidal fibrosis or a mild hepatic
portal fibrosis in parallel with hepatic inflammation and
overweight has been reported in adulthood (Panchal et al.
2012; Ishimoto et al. 2013; Longato, 2013). Moreover, male
and female mice (weighing 25–30 g) consuming a ‘Fast
Food’ diet that provides 40% of energy as fat (12%
of saturated fat (by weight) and 2% of cholesterol (by
weight)) supplemented with high-fructose corn syrup
(42 g l−1 final concentration) in the drinking water
for 25 weeks developed hepatic perisinusoidal and pericellular fibrosis (Charlton et al. 2011). These studies, while
being valuable and demonstrating that the combination
of saturated fats, fructose, sucrose and cholesterol in the
WD is strongly associated with liver fibrosis development,
have been mostly initiated in adolescent or mature subjects. While the links between childhood WD exposure
and long-term hepatic fibrosis exist, to date the underlying transcriptional and epigenetic mechanisms remain
unclear.

In addition to the classically held notion of the impact
of a postnatal diet on the development of liver
fibrosis, recent evidence suggests that the in utero
environment may independently influence liver health.
In young adult Danish LBW men, a strong and graded
inverse relationship between small birth dimensions and
mortality from cirrhosis, has been reported (Andersen &
Osler, 2004). Further, liver fibrosis has been reported in a
3 month-old LBW infant suggesting the adverse intrauterine environment as a contributing factor for liver
fibrosis development (Arai et al. 2010). These studies
support the concept that the development of later life
liver fibrosis may be set by factors associated with LBW.
However, how pregnancy complications leading to LBW
may independently promote fibrogenesis and fibrosis in
adult life or influence postnatal diet-induced effects is ill
defined.
Therefore, the aim of the present study was to evaluate
the independent and possible synergistic roles of placental
insufficiency-induced LBW and postnatal WD on the
development of liver fibrosis in young growing animals
through early adulthood. From a mechanistic perspective,
we also compared changes in liver inflammatory, apoptotic
and profibrotic pathways that have been implicated in the
development of liver fibrosis in LBW, postnatal WD and
LBW/postnatal WD situations.
Methods
Ethical approval

Animal care, maintenance, and surgeries were conducted
in accordance with standards and policies of the
Canadian Council on Animal Care, and the University
of Western Ontario Animal Use Subcommittee reviewed
and approved all procedures.
Animals and experimental design

Time-mated pregnant Dunkin-Hartley guinea pigs
(Charles River Laboratories, Wilmington, MA, USA) were
housed in a temperature (20 ± 2°C) and humidity
(30–40%) controlled environment, with a 12 h light–dark
cycle, and had access to guinea pig chow (LabDiet diet
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5025: 27% protein, 13% fat and 60% carbohydrates as %
of energy) and tap water ad libitum. All pregnant guinea
pigs underwent uterine artery ablation at mid-gestation
(32 days, term 69 days) to reduce placental blood
flow and subsequently fetal growth as previously described
(Turner & Trudinger, 2009; Sarr et al. 2014). Anaesthesia
was induced using an anaesthetic chamber (4–5% isoflurane with 2 l min−1 O2 , followed by 2.5–3% isoflurane with 1 l min−1 O2 for maintenance). Immediately
after induction, a subcutaneous injection of Robinul
(glycopyrrolate, 0.01 mg kg−1 ; Sandoz Canada, Inc.,
Montreal, QC, Canada) was administered. Immediately
following surgery, a subcutaneous injection of Temgesic
(buprenorphine, 0.025 mg kg−1 ; Schering-Plough Co.,
Kenilworth, NJ, USA) was administered, and monitoring
of sows continued after surgery. Sows delivered
spontaneously. At birth, all pups were weighed and at
the end of pupping period, male guinea pigs pups were
defined as normal birth weight (NBW) if their body
weights were within the 25th and 75th percentile of all
pups born, and LBW if their body weights were below
the 25th percentile (Thompson et al. 2011). Based on
this, NBW pups weights were greater than 90 g and LBW
weights were below 85 g, similar to pup weight range
allocations in uterine artery ligation and maternal feed
restriction guinea pig models (Kind et al. 2003; Briscoe
et al. 2004). From birth to weaning, pups were weighed
daily. At 15 days of age, pups were weaned and housed in
individual cages in a temperature (20 ± 2°C) and humidity
(30–40%) controlled environment with a 12 h light–dark
cycle. At this time, pups were randomly assigned either
the control diet (CD; TD.110240; Harlan Laboratories,
Madison, WI, USA) or the Western diet (WD; TD.110239;
Harlan Laboratories) (Table 1) (Thompson et al. 2014).
Animals were weighed twice weekly and feed intake
monitored daily. At young adulthood, postnatal 150 days,
(Gomez-Pinilla et al. 2007), animals were killed via CO2
inhalation (Greulich et al. 2011) and the liver collected for
histological, biochemical and molecular determinations.
To avoid litter effects, only one LBW/NBW pup from a
single litter was assigned to each diet.
Liver sampling

Immediately after the animal was killed, the thoracic cavity
was opened and the whole liver removed and weighed.
A representative 1 cm2 central piece from the right lobe
was placed directly in 4% paraformaldehyde for histology.
The remaining right lobe was frozen in liquid nitrogen
and stored at −80°C for later biochemical and molecular
determinations.
Histopathological examination

Paraffin-embedded sections (5 μm) were stained with
haematoxylin and eosin or Masson’s trichrome for
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histological analysis of steatosis, inflammation and
fibrosis. Stained slides were examined independently
by veterinary and human pathologists (I.W. and
J.C.W.). Steatosis was categorized as microvesicular or
macrovesicular steatosis (Fiorentino et al. 2009).
Hepatic inflammation was graded as absent, minimal,
mild, moderate and severe according to a procedure
adapted from Knodell et al. (1981) and Ishak et al.
(1995). ‘Absent’ reflected no inflammation. ‘Minimal’
inflammation denoted a few lobular or periportal
inflammatory cells with no hepatocellular necrosis. ‘Mild’
inflammation represented lobular inflammation with
occasional spotty liver cell necrosis (1 focus per ×10
objective) or mild portal inflammation involving some or
all portal areas. ‘Moderate’ inflammation corresponded
to lobular inflammation with 2–4 foci of spotty necrosis
per ×10 objective, zone 3 necrosis in some areas, and
moderate portal inflammation involving some or all portal
areas. ‘Severe’ inflammation, however, indicated lobular
inflammation with 5 foci of spotty necrosis per ×10
objective, zone 3 necrosis and occasional portal–central
bridging necrosis, and marked portal inflammation
involving some or all portal areas.
Liver fibrosis was described as stages 0–4 based upon
the fibrosis scoring system previously described by Kleiner
et al. (2005) and used by Ishimoto et al. (2013): stage 0,
no fibrosis; stage 1, perisinusoidal or portal fibrosis;
stage 2, perisinusoidal and periportal; stage 3, bridging
fibrosis; and stage 4, cirrhosis. Additionally, liver fibrosis
was also quantitatively assessed using a computer-assisted
morphometric analyser (Leica MM AF; Leica Microsystems CMS GmbH, Wetzlar, Germany) by analysing
five random fields per slide and calculating the ratio of
connective tissue to the whole liver slide area, expressed as
fibrosis percentage.
TUNEL assay

TUNEL assay was employed to detect apoptotic
cells using the In Situ Cell Death Detection Kit
(Roche Applied Science, Indianapolis, IN, USA).
In brief, the deparaffinized sections (5 μm) were
incubated with 0.1% Triton X-100 solution–0.1% sodium
citrate for 8 min at room temperature in order
to permeabilize cell membranes. After two rinses
in phosphate buffer solution (PBS), samples were
incubated with the TUNEL reaction mixture that
contains terminal deoxynucleotidyl transferase (TdT)
and fluorescein-dUTP for 1 h at 37°C in a humidified
chamber. After washing in PBS, slides were mounted
with coverslips in 4 ,6-diamidino-2-phenylindole (DAPI)
mounting medium (Vector Laboratories, Burlingame,
CA, USA) and sealed with nail polish. The DAPI and
fluorescence-labelled images were visualized using a Leica
Microscope (Leica Microsystems, Wetzlar, Germany).
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Table 1. Composition of the experimental control diet (CD) and Western diet (WD)

Item
Main ingredients (g kg−1 )
Isolated soy protein
L-Methionine
Sucrose
Fructose
Corn starch
Maltodextrin
Cellulose
Soybean oil
Cocoa butter
Lard
Coconut oil
Cholesterol
Vitamin Mix Teklad (40060)
Vitamin C, L-ascorbyl-2-polyphosphate (35%)
Folic acid
Calcium phosphate dibasic
Potassium citrate, monohydrate
Magnesium oxide
Potassium chloride
Sodium chloride
Calcium carbonate
Ferric citrate
Manganese sulfate, monohydrate
Zinc carbonate
Cupric sulfate
Potassium iodate
Chromium potassium sulfate, dodecahydrate
Sodium selenite, pentahydrate
Ammonium paramolybdate, tetrahydrate
Chemical composition
Protein (% kcal)
Fat (% kcal)
Carbohydrates (% kcal)
Energy (kcal g−1 )
Fatty acid composition (% of total fatty acids)
Lauric acid (C12:0)
Myristic acid (C14:0)
Palmitic acid (C16:0)
Stearic acid (C18:0)
Oleic acid (C18:1cis9)
Linoleic acid (C18:2n−6)
α-Linoleic acid (C18:3n−3)
∗ Diets

CD∗
(TD.110240)

WD∗
(TD.110239)

210
2.47
100
—
354
93
130
60
—
—
—
—
10
0.61
0.008
17.66
9.85
2.63
3.29
1.64
4.1
0.33
0.164
0.05
0.0164
0.0008
0.008
0.0008
0.0002

255
3
190
65
—
93
130
—
50
55
95
2.5
12.3
0.75
0.01
21.5
12
3.2
4
2
5
0.4
0.2
0.06
0.02
0.001
0.01
0.001
0.0003

21.6
18.4
60
3.4

21.4
45.3
33.3
4.2

—
—
11
4
23.5
53.4
8

23.12
8.83
17.32
13.24
24.4
4.2
0.03

were formulated in the Harlan Laboratories (Madison, WI, USA).

DAPI and fluorescence-labelled images were merged and
TUNEL-positive apoptotic cells in the merged images were
quantified by the counting of positively stained cells. Three
digital microscopic images at a magnification of ×100 were
randomly captured at the areas where the positive cells
were abundant for each section. The number of positively
stained cells in the three images was averaged. The result

was expressed as relative cell percentage per view field
under the microscope.
Biochemical analysis

Hepatic lipids were extracted from 100 mg snap-frozen
pieces of liver, using the method of Folch et al. (1957).
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Quantification of hepatic lipids was determined as
described previously (Assini et al. 2013). Briefly,
[3 H]cholesteryl oleate (Amersham, GE Healthcare,
Oakville, ON, Canada) was added to lipid extracts to
assess recovery. A combined stock solution containing
200 μg ml−1 triolein and 200 μg ml−1 cholesterol was
prepared in isopropanol and used to generate a standard
curve ranging from 0.5 to 20 μg. Aliquots of standards and
samples were dried under N2 and 400 μl of chloroform
added. Samples and standards were dried under N2 and
500 μl of a 1% Triton X-100 solution in chloroform
added. Following solublization, samples and standards
were capped, left at room temperature for 1 h, and dried
under N2 . A 50 μl volume of deionized water was added
and incubated at 37°C for 15 min. Triglyceride, total
cholesterol, and free cholesterol were then determined
by enzymatic, colorimetric assays (triglyceride, Roche
Diagnostics, Laval, QC, Canada; total cholesterol and
free cholesterol, Wako, Richmond, VA, USA) according
to manufacturer’s instructions.
RNA preparation

Total RNA for mRNA and microRNAs (miRs) was isolated
from snap-frozen ground liver (100 mg) using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and the Purelink
RNA Mini Kit according to manufacturer’s instructions
(Invitrogen, Burlington, ON, Canada). RNA yield was
assessed by absorbance measurement at 260 nm on a
Nanodrop 2000 (Thermo Fisher Scientific, Rochester, NY,
USA) and integrity assessed on a denaturing 1.2% agarose
gel stained with ethidium bromide.
Quantitative real-time reverse transcription
polymerase chain reaction (RT-qPCR)

Liver mRNA and miR levels were determined by
quantitative real-time PCR as follows: synthesis of cDNA
was performed using 2 μg of RNA, random dodecamer
primers and the M-MLV reverse transcriptase (Life
Technologies, Burlington, ON, Canada). For miR analyses,
2 μg of RNA was reverse transcribed using the miScript
II Reverse Transcription Kit according the manufacturer’s
instructions (Qiagen, Toronto, ON, Canada). EvaGreen
technology coupled with designed primers (Table 2) and
3 μl of cDNA per reaction were used to quantify gene
expression (Bio-Rad, Mississauga, Ontario, Canada). miR
expression was quantified using 1 μl of cDNA and the
miScript SYBR Green PCR Kit according manufacturer
instructions (Qiagen). Standard curves for each primer
pair were generated from serial dilutions of cDNA
for determination of primer efficiencies. PCR efficiencies
for each primer set were 90–100%. Melting curve analyses
and the presence of a single amplicon at the expected size
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in 1.8% agarose gel confirmed amplification of a single
product. Gene and miR targets were quantified using a
Bio-Rad CFX384 RT-qPCR machine (Bio-Rad). mRNA
expression was normalized to housekeeper GAPDH
(Duan et al. 2014) and miR expression to miR-let-7a.
There was no significant effect of either birth weight or
diet on GAPDH mRNA or miR-let-7a expression. Control
samples containing no cDNA were used to confirm the
absence of DNA contamination. Each sample was run in
triplicate. Expression of individual target genes or miRs
was reported as fold changes relative to the control group
using the Ct method.
Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed
on snap frozen ground liver samples from offspring killed
at 150 days of age. Snap frozen ground liver (50 mg) was
homogenized and incubated in 1 ml of 1% formaldehyde
for 30 min at room temperature to cross-link proteins and
DNA. Glycine (1 M) was added to all samples to terminate
cross-linking. All samples were centifuged at 2000 g at
room temperature for 5 min and supernatants were
subsequently removed. Each sample was then washed
with PBS before being placed in 0.5 ml of SDS lysis
buffer (1.1% SDS, 10 mM EDTA, 50 mM Tris HCl pH 8.0)
with protease inhibitor cocktail (Roche, Mississauga,
Ontario, Canada) and inverted during 20 min at 4°C.
Lysates were diluted twofold with the addition of ChIP
dilution buffer (1.1% Triton X-100, 1.2 mM EDTA,
167 mM NaCl and 16.7 mM Tris HCl pH 8.0). Samples
were then sonicated for 4 × 30 s at 30 A on ice to produce
sheared, soluble chromatin. Following a 16, 600 × g
centrifugation for 10 min at 4°C, supernatants containing
sheared chromatin were collected and the chromatin was
quantified using BCA Protein Assay (Thermo Scientific,
Waltham, MA, USA). The chromatin (500 μg from each
sample) was incubated with 4 μg of antibodies against
RNA polymerase II (cat. no. 05-623B, Millipore, Billerica,
MA, USA) and histone H3 acetylated at lysine 9 (H3K9,
cat. no. 06-942, Millipore) and rotated overnight at
4°C. For each sample, two corresponding aliquots were
reserved as ‘controls’: one incubated without antibody
(‘input’) and another with non-immune IgG (Millipore).
Twenty-four hours later, protein A/G PLUS-Agarose
beads (40 μl; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was added to each tube, the mixtures rotated for 2 h
at 4°C and the beads containing the immunoprecipitated
complexes were collected by centrifugation at 106 × g for
2 min at 4°C. The beads/immunoprecipitated complexes
were washed sequentially for 5 min in low salt wash
buffer (20 mM Tris–HCl, pH 8, 2 mM EDTA, 0.1%
SDS, 1% Triton X-100, 150 mM NaCl), high salt wash
buffer (same as low salt wash buffer, except containing
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Table 2. Primer sequences used to measure guinea pig hepatic mRNA and miR expressions by RTq-PCR
Gene/miR

Accession number∗

TGFB1

NM 001173023.1

CTGF

XM 003468462.1

COL1A1

XM 003466865.1

COL3A1

XM 003478706.2

ACTA2

ENSCPOT00000011693

IL1B

NM 001172968.1

MCP1

NM 001172926.1

TNFA

U77036

MMP2

XM 003477541.1

TIMP1

XM 005000239.1

TIMP2

NM 001173024.1

GAPDH

NM 001172951.1

miR-378a
miR-223
miR-let-7a
miR-27b
miR-29a
miR-29c
miR-146a
miR-291b
miR-26a

MS00013566
MS00033320
MS00033131
MS00000154
MS00033397
MS00000175
MS00000441
MS00027223
MS00033348

Forward/reverse primer
F: 5’-CAATTCCTGGCGCTACCTCA-3’
R: 5’-ACCGATCCGTTGATTTCCA-3’
F: 5’-CACCCGGGTTACCAATGACA-3’
R: 5’-CCGGTAGGTCTTCATGCTGG-3’
F: 5’-AACGGAGACACCTGGAAACC-3’
R: 5’-TTGACTAGGTCCAGGGCTGA-3’
F: 5’-TGCTCGAAGTCCAGTTGG-3’
R: 5’-ATTTGCACTGGCTGATCC-3’
F: 5’-GACATCAAGGAGAAGCTGTG-3’
R: 5’-GCTGTTGTAGGTGGTTTCAT-3’
F: 5’-ACAATCTGAACCGACAAGTG-3’
R: 5’-ACAGGCTTATGTTCTGCTTG-3’
F: 5’-GCTTGTGCTCCAACACTCCA-3’
R: 5’-ACCCACTTCTGTGTGGGGTC-3’
F: 5’-GCCGTCTCCTACCCGGAAAA-3’
R: 5’-TAGATCTGCCCGGAATCGGC-3’
F: 5’-CAGGGCACCTCCTACAACAG-3’
R: 5’-CCTTCTGAGTTCCCACCGAC-3’
F: 5’-CAACGACATCCGGTTCCTCT-3’
R: 5’-AAGTCTTGGTGACGCCCTTC-3’
F: 5’-TGCACATCACCCTCTGTGAC-3’
R: 5’-CAGCGCGTGATCTTGCATTC-3’
F: 5’-GCTCGTTTCTTGGTATGACA-3’
R: 5’-CTAGTCTCCATGGTCTCACT-3’
5 -CUCCUGACUCCAGGUCCUGUGU
5 -UGUCAGUUUGUCAAAUACCCC
5 -UGAGGUAGUAGGUUGUAUAGUU
5 -UUCACAGUGGCUAAGUUCUGC
5 -UAGCACCAUCUGAAAUCGGUUA
5 -UAGCACCAUUUGAAAUCGGUUA
5 -UGAGAACUGAAUUCCAUGGGUU
5 -AAAGUGCAUCCAUUUUGUUAGU
5 -UUCAAGUAAUCCAGGAUAGGCU

∗ Accession

number for sequences in the National Centre for Biotechnology Information (NCBI) database, Ensembl genome browser
or Qiagen website. F: forward; R: reverse.

500 mM NaCl), LiCl wash buffer (10 mM Tris–HCl, pH 8,
1 mM EDTA, 1% NP-40, 1% deoxycholate, 0.25 M LiCl),
and in 2 × TE buffer (20 mM Tris–HCl pH 8, 1 mM
EDTA pH 8.0). The beads were then eluted with 250 μl
elution buffer (10% SDS, 0.1 mM NaHCO3 + 20 μg
salmon sperm DNA) at room temperature. The elution
step was repeated once and eluates were combined.
Cross-linking of the immunoprecipitated chromatin
complexes and ‘input controls’ was reversed by heating
the samples at 65°C overnight. Proteinase K (3 μl of
a 10 mg ml−1 stock (Invitrogen) diluted in 20 μl of
1 M Tris–HCl, pH 6.6 and 10 μl of 0.5 M EDTA) was
added to each sample and incubated for 2 h at 45°C.
The DNA was purified by phenol–chloroform extraction
and precipitated in ethanol overnight at −20°C. The
supernatant was removed and pellets were dried. Samples

and ‘input controls’ were diluted in 50 μl of clean
double distilled water. Real-time PCR was conducted
using forward (5 -GGGTTACAAGGCGCAATAAA-3 )
and reverse (5 -GAAAACAGCACATCTGGAAC-3 )
primers (Life Technologies) that amplify a −206 bp to
+71 bp region encompassing the TATA box and the
COL3A1 (XM 003478706.2) initiation site. Forward
(5 -CCCTCAGAGACTCCACTTTC-3 ) and reverse
(5 -GTTTGTTGGTTTGGGAGACC-3 ) primers designed
to amplify a −217 to −17 bp region encompassing the
TATA box in the TNFA promoter (NM 001173025) were
also employed. Recruitment of RNA polymerase II and
acetylation of histone H3K9 in the promoter of COL3A1
and TNFA genes were calculated by comparing the
relative abundance of the immunoprecipitated chromatin
compared with input chromatin using the Ct method.
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Table 3. Characteristics of guinea pigs given ad libitum CD or WD from weaning to 150 days
CD
NBW

WD
LBW

NBW

Body weight (g)
758.0 ± 23.0 748.0 ± 33.0 739.0 ± 26.0
Daily energy intake relative to body weight 59.88 ± 2.67 66.24 ± 5.16 69.79 ± 1.71
(kcal day−1 (g body weight)−1 )
Relative liver weight (g (g body weight)−1 ) 0.037 ± 0.003 0.037 ± 0.003 0.050 ± 0.003
3.92 ± 0.74
5.51 ± 1.08 68.40 ± 11.39
Hepatic triglycerides (mg (g liver)−1 )
2.72 ± 0.12
4.31 ± 0.35† 25.99 ± 3.5
Hepatic total cholesterol (mg (g liver)−1 )
−1
2.34 ± 0.11
3.17 ± 0.21†
6.37 ± 0.42
Hepatic free cholesterol (mg (g liver) )

Two-way ANOVA
LBW

669.0 ± 22.0
75.29 ± 8.37
0.051
75.74
21.30
6.09

±
±
±
±

0.003
14.19
3.3
0.39

BW

d

BW × d

0.16
0.089
0.20 <0.05

0.28
0.92

<0.001
<0.001
<0.001
<0.001

0.92
0.76
0.15
0.06

0.96
0.64
0.47
0.33

Data are means ± SEM. d, diet; BW, birth weight. Two-way ANOVA and a Bonferroni post hoc test were used with birth weight (BW),
diet (d) and their interaction (BW × d) as sources of variation. † P < 0.01 when comparing NBW/CD versus LBW/CD (n = 5–9 in each
group).

Western immunoblotting

Results were expressed as means ± SEM. A two-way
ANOVA was performed to analyse the main effect and
the interaction effect of birth weight and postnatal diet.
A Bonferroni post hoc test was used to compare NBW/CD
versus LBW/CD as well as NBW/WD versus LBW/WD.
Comparisons between the two pup groups at birth were
evaluated using an unpaired Student’s t test. P < 0.05 was
considered statistically significant.

Proteins were extracted from homogenized snap-frozen
ground liver (50 mg) in radioimmunoprecipitation assay
(RIPA) buffer containing protease inhibitor cocktail
(Millipore) and phosphatase inhibitors (1 M NaF, 0.2 M
Na2 VO4 ). Protein quantification was performed using
a Pierce BCA Protein Assay (Thermo Scientific). The
samples were separated on 8% SDS-PAGE and transferred onto Immobilon transfer membranes (Millipore).
Non-specific protein binding was reduced by treating the
membranes overnight with blocking buffer (5% milk,
10 mM Tris, 150 mM NaCl and 0.1% Tween). Blots were
incubated with primary antibodies (caspase-3 (8G10),
caspase-7 (D2Q3L), B-cell lymphoma 2 (BCL2)-associated X protein (BAX; sc-493), B-cell lymphoma-extra
large (BCLXL; sc-7195) and interleukin-1 α (IL1A;
D2Q3L), final dilution 1:1000) (Santa Cruz Biotechnology; Cell Signaling Technology, Inc., Danvers, MA, USA)
at room temperature for 2 h. Mothers against decapentaplegic homolog 4 (SMAD4; cat. no. 9515, Cell Signaling
Technology) and β-actin (A 5316, Sigma-Aldrich) antibodies were used at 1:2000 and 1:50,000 final dilutions
for 3 h and 1 h, respectively, at room temperature.
The donkey anti-rabbit (sc-2313) and anti-goat (sc-2020;
horseradish peroxidase-conjugated secondary antibodies
(1:5000 dilution; Cell Signaling Technology) were used
for 1 h at room temperature. Protein bands were
visualized by the Luminata Forte Western HRP Substrate
(Millipore). The chemiluminescence signal was captured
with a Luminescent Image Analyser (Bio-Rad), and
densitometry values (arbitrary units) were determined
using the ImageQuant LAS 4000 software (Bio-Rad).
β-Actin protein was used as a loading control.

While LBW male guinea pig pups (n = 12) were
significantly lighter than the NBW male pups (n = 15)
at birth (78.03 ± 1.87 versus 106.40 ± 2.74; P < 0.0001),
at postnatal day 150, body weights were not increased in
LBW/CD offspring or the WD-fed offspring, NBW/WD
and LBW/WD (P = 0.13 and 0.08, respectively; Table 3).
When adjusted for energy intake (daily energy intake
divided by body weight), WD-fed offspring displayed
higher calorie intake compared to CD-fed guinea pigs
irrespective of birth weight (+15%, P < 0.05; Table 3).
The liver weight to body weight ratio was 37% greater
in WD-fed offspring (NBW/WD and LBW/WD) than in
CD-fed offspring (NBW/CD and LBW/CD) independent
of birth weight (P < 0.001; Table 3). Irrespective of
birth weight, hepatic triglyceride, total cholesterol and free
cholesterol levels were elevated in WD feeding (+1532%,
+637% and +139%, respectively, P < 0.001; Table 3).
Examination of LBW/CD offspring highlighted that total
cholesterol and free cholesterol were increased when
compared to NBW/CD offspring (+59% and +39%,
respectively, P < 0.01; Table 3).

Statistical analysis

Hepatic steatosis, inflammation and fibrosis

All data were statistically analysed by the GraphPad
software (Prism 5.0; GraphPad, San Diego, CA, USA).

The increased hepatic triglyceride accumulation in
WD-fed offspring was associated with the development
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of macro- and microvesicular steatosis (Fig. 1; Table 4).
Moderate to severe macrovesicular steatosis was predominantly present in NBW/WD offspring, whereas most
of LBW/WD offspring developed a mild to moderate
microvesicular steatosis (Fig. 1C and D; Table 4). Minimal
lobular inflammation (scattered inflammatory cells) was
observed in LBW/CD relative to NBW/CD offspring
(Fig. 2A and B; Table 4). In both NBW/WD and LBW/WD,
a mild lobular inflammation was present (Fig. 2C and D;
Table 4). Trichome stained liver sections from NBW/CD
offspring livers displayed stage 0 fibrosis (Fig. 3A; Table 4).
In the LBW/CD versus NBW/CD group, stage 1 portal
fibrosis was observed but the mean percentage of collagen
in the portal area was not statistically different (1.7
versus 3.6%, P = 0.71) (Figs 3B and 5A; Table 4). A
significant collagen accumulation was observed in WD-fed
animal with the NBW/WD displaying a stage 1 perisinusoidal fibrosis, whereas LBW/WD exhibited a stage 1

A
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periportal fibrosis phenotype (Figs 3C and D, and 5A;
Table 4).
LBW/CD and WD-fed offspring exhibited differential
expression of inflammation and fibrosis markers at
150 days of age

Analysis of the genes involved in inflammation highlighted
that WD-fed (NBW/WD and LBW/WD) offspring
displayed higher TNFA (tumour necrosis factor-α), IL1B
(interleukin-1 beta) and MCP1 (monocyte chemotactic
protein-1) mRNA expression (1.5-fold, P < 0.05; 1.8-fold,
P < 0.01; 14.2-fold, P < 0.01; Fig. 4A) irrespective of
birth weight. In addition, a significant increase in IL1A
protein abundance was also observed in WD-fed offspring
irrespective of birth weight (2.6-fold, P < 0.001; Fig. 4B).
To investigate whether LBW or WD altered acetylated
histone levels and RNA polymerase II recruitment at the

B

100 μm

C

D

Figure 1. Intrahepatic lipid accumulation
NBW and LBW offspring were given ad libitum WD from weaning to 150 days. Representative images (×20
magnification) of haematoxylin and eosin-stained liver of NBW/CD (A), LBW/CD (B), NBW/WD (C) and LBW/WD
(D) guinea pigs. Yellow arrowheads indicate lipid vesicles. Scale bar = 100 µm.
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Table 4. Liver pathology of NBW and LBW guinea pigs fed ad libitum either the control (CD) or Western diet (WD) from weaning to
150 days
CD
Birth phenotype
Steatosis
None
Macrovesicular (exclusive or predominant)
Microvesicular (exclusive or predominant)
Portal inflammation
None
Minimal
Mild
Moderate
Severe
Lobular inflammation
None
Minimal
Mild
Moderate
Severe
Fibrosis
None
Perisinusoidal or periportal
Perisinusoidal and portal/periportal
Bridging fibrosis
Cirrhosis

WD

NBW

LBW

NBW

LBW

5/5
0
0

4/4
0
0

0/5
4/5
1/5

0/5
1/5
4/5

5/5
0/5
0/5
0/5
0/5

3/4
0/4
1/4
0/4
0/4

5/5
0/5
0/5
0/5
0/5

4/5
0/5
1/5
0/5
0/5

4/5
1/5
0/5
0/5
0/5

0/4
3/4
0/4
0/4
0/4

1/5
0/5
3/5
1/5
0/5

1/5
0/5
4/5
0/5
0/5

5/5
0/5
0/5
0/5
0/5

0/4
4/4
0/4
0/4
0/4

0/5
5/5
0/5
0/5
0/5

0/5
4/5
0/5
1/5
0/5

TNFA promoter, ChIP was performed. ChIP revealed that
in the livers of WD-fed offspring, irrespective of birth
weight, there was a significant increase in the recruitment
of RNA polymerase II and in the acetylation of histone
H3 (K9) in the proximal site of the TNFA promoter when
compared to CD-fed offspring (1.5-fold, P < 0.05; Fig. 4C
and D).
Despite a minimal portal fibrosis, LBW/CD offspring
also displayed an increased expression of profibroticand ECM-related genes (Fig. 5B). Specifically, TGFB1
(transforming growth factor-beta 1) and MMP2 (matrix
metallopeptidase 2) mRNA expression was increased
in LBW/CD (3.4-fold, P < 0.05; 3.9-fold, P < 0.01,
respectively; Fig. 5B). In addition, CTGF (connective
tissue growth factor) mRNA expression was increased
in LBW offspring irrespective of the diet consumed
(1.8-fold, P < 0.05; Fig. 5B). Further, LBW/CD offspring
displayed a higher increase in SMAD4 protein when
compared to NBW/CD offspring (1.8-fold, P < 0.05;
Fig. 5C). Corresponding to the observed phenotype,
WD-fed offspring, irrespective of birth weight, showed
increased TGFB1, COL3A1 (collagen, type III, alpha 1),
COL1A1 (collagen, type 1, alpha 1), TIMP1 and TIMP2
(tissue inhibitor of metalloproteinases-1 and -2), MMP2
and ACTA2 (actin, alpha 2, smooth muscle, aorta) mRNA
expression (1.8-fold, P < 0.05; 4.9-fold, P < 0.01; 3.2-fold,
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P < 0.05; 5.4-fold, P < 0.001; 3.7-fold, P < 0.05; 1.6-fold,
P < 0.057, 3.1-fold, P < 0.01, respectively; Fig. 5B).
For COL1A1, mRNA expression, birth weight and diet
showed an interaction (BW × d) that indicated that the
increase in COL1A1 mRNA in LBW offspring on a WD
was not as prominent as it is in NBW/WD offspring
(Fig. 5B). Interestingly, birth weight or diet did not
individually affect the acetylation of histone H3K9 in
the COL3A1 promoter (Fig. 5D). However, concomitant
with the elevated COL3A1 mRNA expression, RNA polymerase II recruitment at the COL3A1 promoter region was
increased in WD-fed offspring irrespective of birth weight
(1.5-fold, P < 0.05; Fig. 5E).
LBW and WD differentially impact profibrotic-related
miRNAs at 150 days of age

The expression of fibrosis-related miR species including
miR-146a, miR-29c, miR-29a, miR-26a, miR-27b,
miR-223 and miR-328 (Roderburg et al. 2011; He
et al. 2012a,b) was analysed. While, miR-29a, miR-26a,
miR-27b, miR-223 and miR-328 were not impacted by diet
or birth weight (P > 0.10; Fig. 6), miR-146a expression
was decreased in LBW, irrespective of diet (2.4-fold,
P < 0.01), and miR-29c expression had a tendency to
be reduced in WD-fed offspring independent of birth
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weight (1.8-fold, P = 0.067; Fig. 6). Further, in LBW/WD
relative to NBW/WD, the decrease in miR-146a was more
pronounced (3-fold, P < 0.01).

J Physiol 594.6

levels were not significantly impacted by birth weight
(P > 0.10).
Discussion

WD feeding increased TUNEL-positive cells in
conjunction with activated hepatic apoptosis
pathway at 150 days of age

TUNEL staining of liver sections showed a 2.5-fold
increase of positive cells in WD-fed offspring compared
with CD-fed offspring irrespective of birth weight (Figs 7
and 8C). Correspondingly, WD induced a decrease in
BCLXL protein abundance (1.3-fold, P < 0.05) while
increasing procaspase-3, cleaved caspase-3, procaspase-7
and BAX protein abundances (1.5-fold, P < 0.05;
2.6-fold, P < 0.001; 1.5-fold, P < 0.01; 3.1-fold,
P < 0.001, respectively; Fig. 8A and B). Procaspase-3,
cleaved casapase-3, procaspase-7, BAX and BCLXL protein

A

This study identified changes in key hepatic profibrotic
genes that appear to be maintained in young nonoverweight adults following an adverse in utero environment leading to LBW. In these LBW offspring, raised on
a CD, the expression of a number of hepatic profibrotic
genes was significantly increased, in conjunction with a
minimal portal fibrosis. Interestingly, the expression of
these profibrotic genes was also increased in WD-fed
non-overweight offspring who displayed a more severe
hepatic fibrosis, though a number of profibrotic genes
and proteins appeared to be WD specific and were
not impacted by LBW alone (see summary in Fig. 9).
Additionally, the lack of synergistic effects between LBW

B

100 μm

C

D

Figure 2. Inflammation in the liver of NBW and LBW guinea pigs with different dietary treatments
Representative histological inflammation changes in haematoxylin and eosin-stained liver (×20 magnification) of
NBW/CD (A), LBW/CD (B), NBW/WD (C) and LBW/WD (D) offspring. Yellow arrowheads indicate inflammatory
cells. Scale bar = 100 µm.
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and WD at the age studied, together with the differential
miR expression and apoptotic patterns, highlights
differential pathways and developmental profiles for LBW
and WD as to the initiation of a profibrotic state and
ultimately hepatic fibrosis.
Features of metabolic syndrome classically associated
with LBW/intrauterine growth restriction (IUGR) are
insulin resistance, hypertension, dyslipidaemia, impaired
glucose tolerance and type 2 diabetes. Very recently,
fatty liver, non-alcoholic steatohepatitis (NASH), with
or without fibrosis, has also been included among the
persistent IUGR-dependent metabolic dysfunctions (Alisi
et al. 2011). Indeed, Danish LBW men in early adult age
(from age 15 to 49 years) displayed a strong and graded
inverse association between small birth dimensions and
mortality from cirrhosis, the more advanced form of liver
fibrosis (Andersen & Osler, 2004). Further, in a single
case report, liver fibrosis in a 3 month-old LBW infant
has been characterized by both increased numbers of

A

TGFB1- as well as ACTA2-positive hepatic cells (Arai et al.
2010). Although comparisons between different species
should be interpreted carefully, in the current study it is
interesting to note that in addition to a minimal collagen
accumulation in young adult LBW offspring fed the CD,
the steady-state mRNA expression of TGFB1, CTGF and
MMP2, key profibrotic factors, was markedly increased.
TGFB1 mediates an enhanced expression of profibrogenic cytokine CTGF through SMAD phosphorylation
and p38 MAP kinase activation, promoting liver fibrosis
(Nagaraja et al. 2012). In addition, stimulation of hepatic
stellate cells (HSCs) with TGFB1 production resulted in
upregulation of MMP2 expression and activity (Yang
et al. 2003), and, in severe hepatic fibrosis, MMP2
gene expression and activity are increased (Takahara
et al. 1995), accelerating disease progression through
degradation of normal liver matrix and pro-proliferative
effects on HSCs (Benyon & Arthur, 2001). TGFB1
is becoming recognized as being central to sustained
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C

D

Figure 3. Hepatic fibrosis
Representative images (×10 magnification) of trichrome-stained liver of NBW/CD (A), LBW/CD (B), NBW/WD
(C) and LBW/WD (D) offspring. The trichrome stain highlights ‘chicken-wire’ fibrosis/collagen in blue (yellow
arrowheads). Scale bar = 100 µm.
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upregulation of downstream genes involved in fibrotic
development in various organs (Lan et al. 2011).
Possible modulators of this sustained TGFB1 action
include hypoxia and oxidative stress. Indeed, in carbon
tetrachloride-induced cirrhosis, hypoxia promotes TGFB1
production in hepatocytes (Jeong et al. 2004) and in
hypoxia-inducible factor 1-alpha knockdown studies,
transcription of IL6, TGFB and CTGF, and secretion of
collagen I are inhibited (Wang et al. 2013), demonstrating
possible hypoxic regulation of inflammatory/TGFB
activated fibrotic pathways. The situation of placental
insufficiency, resulting in LBW, is an environment often
characterized by hypoxia and oxidative stress (Hutter
et al. 2010) as well as lack of nutrients for the fetus.
Potentially, within this adverse in utero environment,

A

fetal activated TGFB fibrotic pathways may be perceived
as a pathological response to the in utero inadequate
environment and this activated state may persist into
postnatal life. Interestingly, the concept of a primed or
sustained activation of TGFB fibrotic pathways has now
been reported to occur in chemically induced fibrosis
models in rats, viral hepatitis-induced fibrosis in patients
and diet-induced fibrosis in rats (Matsuzaki et al. 2007; He
et al. 2012a; Kim et al. 2014). Our study suggests that in the
LBW situation, an activated profibrotic pathway, possibly
through hypoxia and/or nutrient deficiency, could set the
stage for a sustained activation of a fibrotic pathway into
postnatal life. This highlights the critical role of a suboptimal in utero environment in modulating a hepatic
profibrotic gene signature in early adulthood, though the
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Figure 4. Effect of LBW and WD on hepatic expression of inflammatory markers, levels of acetylated
histone H3K9 and RNA polymerase II recruitment at the TNFA promoter
A, relative mRNA expression of TNFA, IL1B and MCP1. B, IL1A protein abundance and representative Western
blots. C and D, acetylation levels of histone H3K9 and RNA polymerase II recruitment at the TNFA promoter region.
Data are means ± SEM (n = 4–7 per group). ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001 for the main effect of diet
independent of birth weight using a two-way ANOVA. NBW/CD versus LBW/CD and NBW/WD versus LBW/WD
were compared using a Bonferroni post hoc test. No symbol indicates that there is no statistically significant
difference. H3, histone 3; Ac, acetylated; RNA Pol II, RNA polymerase II.
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exact mechanisms and the upstream regulators underlying
this permanent activation remain to be more thoroughly
investigated.
Recently, endogenous, small non-coding RNAs (miRs)
have been identified as key epigenetic modulators of
liver fibrogenesis. Previous studies have indicated that
the expression of miR-146a has been observed to be
decreased in liver fibrotic tissues and it has also been
suggested as a novel regulator, potentially modulating HSC
activation during TGFB1 induction by targeting SMAD4
(He et al. 2012a). It is intriguing to note in the current
study that in young adulthood, we observed a significant
decrease in miR-146a expression in conjunction with
increased profibrotic SMAD4 protein in LBW offspring,

15

B

***

independent of diet. This observation suggests miR-146a
as a potential negative regulator of SMAD4 in the liver
of LBW offspring. However, whether or not miR-146a
or other miRs could modulate HSC activation in LBW
offspring is currently unknown. Furthermore, the lack of
significant changes in downstream COL1A1 and COL3A1
genes, albeit 45% and 260% increases, respectively, over
NBW/CD offspring, and the observed minimal fibrosis, do
not allow a definitive conclusion with respect to in utero
induced miRNA effects.
Matrix metalloproteinases (MMPs), a family of ECM
degradative enzymes produced by activated HSCs, are
regulated by tissue inhibitors of metalloproteinases
(TIMPs). MMP production in association with the
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Figure 5. Effect of LBW and WD on the fibrosis area percentage, expression of fibrosis and ECM-related
markers, levels of acetylated histone H3K9 and RNA polymerase II recruitment at the COL3A1 promoter
region
A, fibrosis area percentage. B, relative mRNA expression of fibrosis and ECM-related genes. C, SMAD4 protein
level. D and E, acetylation levels of histone H3K9 and RNA polymerase II recruitment at the TNFA promoter region.
Data are means ± SEM (n = 5–7 per group). † P < 0.05 for the main effect of birth weight; ∗ P < 0.05, ∗∗ P < 0.01,
∗∗∗ P < 0.001 or the indicated P value for the main effect of diet (d); ‡ P < 0.05, ‡‡ P < 0.01 for birth weight and diet
interaction (BW × d) using a two-way ANOVA.  P < 0.05,  P < 0.01 when comparing NBW/CD versus LBW/CD
and $$ P < 0.01 when comparing NBW/WD versus LBW/WD using a Bonferroni post hoc test. No symbol indicates
that there is no statistically significant difference. H3, histone 3; Ac, acetylated; RNA Pol II, RNA polymerase II.
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increased expression of profibrotic markers such as
ACTA2, COL1A1 and COL3A1 is among key process
underlying fibrosis development (Lee et al. 2001; Mannello
& Gazzanelli, 2001; Han, 2006; Ji et al. 2012). Previous rodent studies involving the chronic intake of diets

J Physiol 594.6

enriched in saturated fats, cholesterol and carbohydrates
as fructose or sucrose in solid foods or drinking water
have also reported an increased expression of ACTA2, a
marker of activated HSCs, as well as a mild hepatic periportal fibrosis and increased gene and protein expressions
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Figure 6. Effect of LBW and WD on hepatic
expression of fibrogenesis-related miRs
Expression of miRs was measured by RT-qPCR.
Data are means ± SEM (n = 5–7 per group).
†† P < 0.01 represents the main effect of birth
weight (BW), the indicated P value designated
the main effect of diet (d) using a two-way
ANOVA. $$ P < 0.01, when comparing
NBW/WD versus LBW/WD using a Bonferroni
post hoc test. No symbol indicates that there is
no statistically significant difference.
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Figure 7. Fluorescent TUNEL staining of liver sections from NBW and LBW offspring fed a CD or WD
from weaning to 150 days
Fluorescent TUNEL staining of liver reveals cells positively stained for cell death (indicated by the yellow arrowheads)
in NBW/CD (A), LBW/CD (B), NBW/WD (C) and LBW/WD (D) offspring. Scale bar = 150 µm.
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of fibrotic markers including TGFB1, COL1A1 and TIMP1
(Charlton et al. 2011; Panchal et al. 2012; Ishimoto et al.
2013; Longato, 2013). In the current study, with a relatively
high abundance of fats, 46% kcal (66% saturated fatty
acids by weight), 22% kcal from sucrose and 7.6% kcal
from fructose with 0.25% cholesterol (w/w), a mild hepatic
perisinusoidal or portal fibrosis and increased TGFB1,
MMP2, COL1A1, COL3A1, TIMP1, TIMP2 and ACTA2
mRNA were observed in WD-fed offspring. Therefore, one

A

LBW/CD

NBW/CD

1767

could speculate that chronic intake of saturated fatty acids
in combination with high sugar intake and cholesterol,
promotes HSC activation, a profibrogenic pathway, and
consequently, hepatic fibrosis. As mono-unsaturated and
omega-3, but not omega-6, polyunsaturated fatty acids
prevent hepatic fibrosis (Aguilera et al. 2005), the elevated
ratio of omega-6 to omega -3 fatty acids (15 in WD versus
6.6 in CD) could potentially play a role in the latter
hepatic fibrosis shown in WD-fed offspring. Moreover,
NBW/WD
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Figure 8. Effect of LBW and WD on apoptosis related proteins and apoptotic cell number
A, representive Western blots. B, relative densitometry values of proteins. C, quantification of TUNEL positive cells.
Data are means ± SEM (n = 5–8 per group for Western blots and n = 4 per group for the TUNEL assay). ∗ P < 0.05,
∗∗ P < 0.01, ∗∗∗ P < 0.001 for the main effect of diet (d) irrespective of birth weight using a two-way ANOVA.
NBW/CD versus LBW/CD and NBW/WD versus LBW/WD were compared using a Bonferroni post hoc test. No
symbol indicates that there is no statistically significant difference.
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the enhanced recruitment of RNA polymerase II at the
COL3A1 promoter in WD-fed offspring, irrespective of
birth weight, suggests that life-long intake of a WD leads to
transcriptional activation of hepatic fibrosis related genes
in young adulthood.
Hepatic triglyceride accumulation, or steatosis,
increases the susceptibility of the liver to injury
mediated by ‘second hits’, such as inflammatory
cytokines/adipokines, mitochondrial dysfunction and
oxidative stress, which in turn lead to steatohepatitis
and/or fibrosis (Dowman et al. 2010). In the current study,
in conjunction with steatosis, proinflammatory factors
TNFA, IL1B, MCP1 mRNA and IL1A protein were elevated
in WD-fed offspring, independent of birth weight. Given
that TNFA expression is significantly correlated with the
degree of fibrosis in NASH patients (Crespo et al. 2001), the
current WD-induced steatosis and increased expression
of proinflammatory markers probably also contribute to
fibrosis development in WD-fed offspring. These data
thus extend previous studies in mice that have reported
hepatic steatosis in association with increased low-grade
hepatic inflammation in adult mice fed high fat/high
sucrose (for 15 weeks) or high fat/high cholesterol with
high fructose in their drinking water (for 25 weeks)
(Charlton et al. 2011; Ishimoto et al. 2013). Considering
acetylation of histone H3K9 is known to be a hallmark
of chromatin opening (Karmodiya et al. 2012), and
increased TNFA expression in fatty liver of high/fat diet
Proinflammatory factors
TNFA
IL1B
MCP1
IL1A
Acetylation (H3K9)
of TNFA promoter

Inflammation

Profibrogenic factors
TGFB1
COL1A1
COL3A1
MMP2
TIMP1
TIMP2
ACTA2
CTGF
SMAD4
miR-146a
miR-29c
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and hyperphagic (ob/ob) mice corresponds to acetylation
of histone H3K9 at the TNFA promoter (Mikula et al.
2014), we also examined whether the TNFA expression
was epigenetically regulated in WD-fed offspring. Interestingly, in early adulthood we found an increase in
acetylated H3K9 associated with an increased RNA polymerase II recruitment at the proximal TNFA promoter
in liver of WD-fed offspring. Therefore, these findings
further demonstrate a chromatin-remodelling-dependent
mechanism that potentially contributes to the role of
TNFA in promoting fibrotic development in WD-fed
offspring in early adulthood.
Murine male offspring exposed to prenatal and
post-weaning WD (high fat and cholesterol diet) exhibit
hepatomegaly characterized by an accumulation of hepatic
cholesterol and triglycerides, inflammation and increased
expression of TNFA, MCP1 and TGFB when compared to
offspring exposed to a low fat diet in utero followed by
a post-weaning WD (Pruis et al. 2014). These physiological changes paralleled the presence of advanced
steatohepatitis and mirror the current observations in
the post-weaning WD situation. Hence, the current
study reveals that the high sugar content in the postnatal WD contributes to processes that may mirror the
in utero programming effect of maternal high fat and
cholesterol intake on liver inflammation with concurrent
triglyceride accumulation. Moreover, our study expands
the observations of murine models, which implicate the
Apoptotic proteins
Procaspase-3
Cleaved caspase-3
Procaspase-7
BAX
BCXL

Apoptosis

Liver Fibrosis

Figure 9. Schematic overview
depicting key differentially expressed
genes, miRs, proteins and postulated
molecular pathways that may be
involved in the observed collagen
deposition in LBW/CD and in WD-fed
(NBW and LBW) guinea pigs
For full explanation and definitions see
Abbreviations, Results and Discussion.
Arrow shapes designate increased or
decreased. Filled arrows and plus shapes
indicate changes associated with WD and
hatched shapes correspond to
modifications related to LBW followed by
CD. The two filled plus symbols represent
‘mild’ and the single hatched plus
represents ‘minimal’. Genes are italicized
and proteins underlined.
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harmful effects of adding sugar to a high-fat WD on the
liver (Crescenzo et al. 2014). Interestingly, body weight
in NBW/WD, and LBW/WD offspring especially, tended
to be lower than in CD-fed guinea pigs despite a higher
calorie intake. As such, these data suggest dysfunctional
energy utilization in the WD feeding situation and other
studies have reported non-obese outcomes in guinea pig
when fed a high fat/high fructose diet (Caillier et al. 2012).
Increases in hepatocellular apoptosis frequency is
a profibrogenic event in the progression of chronic
liver diseases. Indeed, apoptotic bodies and reactive
oxygen species stimulate Kupffer cells promoting the
release of proinflammatory and profibrogenic cytokines,
which induce activation of HSCs (Sanches et al. 2015).
Yet, the role of pro- and anti-apoptotic proteins in
the pathogenesis of WD-induced liver fibrosis is ill
defined. Therefore, the induction in procaspase-3, cleaved
caspase-3, procaspase-7, the pro-apoptotic BAX protein
(Dewson & Kluck, 2009) and the reduced anti-apoptotic
factor BCLXL (Janumyan et al. 2003) in WD-fed offspring
may play a vital role in the pathogenesis of fibrosis
in those individuals. This is in support of reports that
show imbalances of pro- and anti-apoptotic proteins,
in conjunction with an elevated hepatocyte apoptosis
activity, play an important role in the pathogenesis of
NASH induced by a high/fat diet (Wang et al. 2008)
and liver fibrosis resulting from consumption of a high
fat/high cholesterol diet with high fructose drinking
water (Charlton et al. 2011). All these observations
together suggest an essential role of apoptosis activation
in activating liver fibrosis pathways, following chronic
unbalanced diet intake as a WD. Importantly, however,
LBW alone did not impact apoptosis related proteins,
suggesting that the hepatocellular apoptosis pathway may
not be a primary mechanism for promoting liver fibrosis
in individuals with adverse in utero growth.
Conclusion

The present study highlights that an adverse in utero
environment, one that results in LBW, promotes a
specific profibrotic molecular signature in conjunction
with minimal fibrosis. Furthermore, the postnatal WD
ad libitum intake results in steatosis with fibrosis in
non-overweight young adult NBW and LBW guinea
pigs. The data suggest that the pathways of hepatic
fibrosis in the WD offspring involve the combination
of saturated fatty acids and sugars resulting in the
production of inflammatory and profibrotic cytokines,
cell death, collagen deposition and hepatic fibrosis. They
also highlight the critical impact of a suboptimal in utero
environment in modulating hepatic profibrotic genes in
early adulthood. Interestingly, at the age studied, there
does not appear to be an adverse synergistic effect for
LBW combined with WD consumption upon liver fibrosis
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development. Given the relatively early age of the offspring
and the changes in expression of key profibrotic factors in
LBW/CD and in WD-fed offspring, a potential trajectory
towards a more severe fibrosis with ageing in LBW/WD
offspring cannot be excluded.
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Translational perspective
The effects of placental insufficiency-induced low birth weight followed by a post-weaning Western
diet (WD) on excessive collagen deposition within the liver (hepatic fibrosis) were evaluated with the
use of a guinea pig model of low birth weight (LBW) and postnatal WD feeding. Analyses included
changes in inflammation and apoptosis pathways in association with fibrogenesis in offspring born
small due to placental insufficiency and offspring born with a normal body weight, both fed either
a post-weaning control diet or WD high in saturated fat, sugars and cholesterol. Our findings show
that young adult offspring born LBW, even fed a normal post-weaning diet, display hepatic activation
of fibrotic genes and minimal liver fibrosis when compared to normal birth weight offspring fed the
same diet. Interestingly, both offspring born LBW or normal birth weight, when fed WD, exhibit
a significant fatty liver, hepatic inflammation, liver cell death and mild fibrosis in early adulthood.
Independently of birth weight, WD also altered the expression of genes and proteins that regulate
hepatic inflammation, liver cell death and fibrosis. However, these changes were not exacerbated in
offspring born LBW and fed the post-weaning WD when compared to offspring born with a normal
body weight and fed the post-weaning WD. Together, these data highlight the individual importance
of the intrauterine environment and postnatal nutrition in long-term liver health. This study supports
the relevancy of the guinea pig model in future in vivo studies, particularly targeting fibrotic liver
disease subsequent to adverse pre- and postnatal environments, in non-overweight individuals.
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